Tuberous sclerosis complex (TSC) is an autosomal dominant neurodevelopmental disorder and the quintessential disorder of mechanistic Target of Rapamycin Complex 1 (mTORC1) dysregulation. Loss of either causative gene, TSC1 or TSC2, leads to constitutive mTORC1 kinase activation and a pathologically anabolic state of macromolecular biosynthesis. Little is known about the organ-specific metabolic reprogramming that occurs in TSC-affected organs. Using a mouse model of TSC in which Tsc2 is disrupted in radial glial precursors and their neuronal and glial descendants, we performed an unbiased metabolomic analysis of hippocampi to identify Tsc2-dependent metabolic changes. Significant metabolic reprogramming was found in well-established pathways associated with mTORC1 activation, including redox homeostasis, glutamine/tricarboxylic acid cycle, pentose and nucleotide metabolism. Changes in two novel pathways were identified: transmethylation and polyamine metabolism. Changes in transmethylation included reduced methionine, cystathionine, S-adenosylmethionine (SAM-the major methyl donor), reduced SAM/S-adenosylhomocysteine ratio (cellular methylation potential), and elevated betaine, an alternative methyl donor. These changes were associated with alterations in SAM-dependent methylation pathways and expression of the enzymes methionine adenosyltransferase 2A and cystathionine beta synthase. We also found increased levels of the polyamine putrescine due to increased activity of ornithine decarboxylase, the rate-determining enzyme in polyamine synthesis. Treatment of Tsc2 þ/À mice with the ornithine decarboxylase inhibitor a-difluoromethylornithine, to reduce putrescine synthesis dose-dependently reduced hippocampal astrogliosis. These data establish roles for SAMdependent methylation reactions and polyamine metabolism in TSC neuropathology. Importantly, both pathways are amenable to nutritional or pharmacologic therapy.
Introduction
Tuberous sclerosis complex (TSC) (OMIM 191100, 613254 ) is an autosomal dominant disorder causing neurologic morbidity and mortality most commonly due to refractory epilepsy, intellectual disability, autism, psychiatric disease (TSC-associated neuropsychiatric disease), and subependymal giant cell astrocytomas (SEGAs) (1) . Substantial progress has been made in understanding and treating TSC since the identification of the causative genes, TSC1 and TSC2 (2,3), and their major role in regulating the eukaryotic kinase mTORC1 (mechanistic target of rapamycin complex 1) in response to growth signals. The mTORC1 kinase is a major regulator of anabolism/catabolism in response to not only growth factors but also nutrients (4) (5) (6) . The protein products, hamartin (TSC1), tuberin (TSC2) and TBC1D7 form a TSC complex that inhibits the mTORC1 kinase under growth-restrictive conditions such as low oxygen tension or energy depletion [high adenosine monophosphate/adenosine triphosphate (ATP) ratio] (7). Inhibition is due to the GTPase activating domain of tuberin on RAS Homolog Enriched in Brain (RHEB) (8) . Loss of either hamartin or tuberin in TSC results in constitutive mTORC1 activity leading to disease manifestations. Pathogenic loss of TSC complex activity can be either due to haploinsufficiency or loss of heterozygosity depending on the specific TSC lesion (9) (10) (11) (12) . Rapamycin is a bacterial metabolite that specifically inhibits mTORC1, and was used to identify the mTORC1 kinase (13) . The discovery of the TSC complex as a major regulator of mTORC1 led to the successful use of rapamycin and its derivatives (rapalogs) in many preclinical mouse models of TSC (14) (15) (16) (17) (18) . These successes were soon translated into clinical trials (19, 20) . Currently the Food and Drug Administration has approved everolimus (a rapalog) to treat SEGAs. SEGAs are non-malignant tumors that develop in 20% of TSC patients and are difficult to treat due to their location along the ventricles (21, 22) . Everolimus can shrink SEGAs, but treatment is indefinite and discontinuation of everolimus causes regrowth (19, 23, 24) . Recently, a placebo-controlled double blind study showed that rapalogs are useful adjunctive therapy for refractory epilepsy associated with TSC (20) . In spite of these successes, new TSC therapies are needed that could be combined with lower doses of rapalogs or used in their place. Toward this goal, research into mTORC1 physiology has uncovered a major role for nutrients and changes in intermediary metabolism that might also serve as therapeutic targets. In order to orchestrate anabolism, mTORC1 activation triggers a cascade of transcriptional, translational, and post-translational programs that activate requisite metabolic pathways. For example, protein synthesis of 5'-TOP messenger ribonucleic acid translation is augmented by inactivation of 4E-BP and activation of S6 Kinase to boost the ribosomal translational apparatus (25) . MYC-activated glutaminolysis preferentially converts glutamine to alpha-ketoglutarate for tricarboxylic acid (TCA) anaplerosis (26) . To support nucleic acid biosynthesis, the de novo purine and pyrimidine pathways are activated (27) . The transcription factor SREBP stimulates lipid biosynthesis and the pentose phosphate shunt to generate NADPH reducing equivalents as well as ribose for nucleic acid biosynthesis (28) .
Although substantial progress has been made in the identification of metabolic pathways associated with Tsc1 or Tsc2 loss and mTORC1 activation, little is known about organ-specific effects. Since brain pathology is such a prevalent and debilitating feature of TSC, we performed untargeted metabolomic profiling using a well-characterized brain-specific mouse model of TSC, Tsc2-RG [formerly Tsc2 flox/ko ; hGFAP-Cre: deletion of Tsc2 in radial glial progenitors starting at E12. 5 (14) ]. Our results identified several important pathways already shown to be affected by mTORC1 activity such as glutathione metabolism, glutaminolysis/TCA cycle, and the pentose phosphate pathway. Importantly, we identified changes in two novel pathways, transmethylation and polyamine metabolism, that are associated with the loss of Tsc2 in the mouse brain. Using the results of these studies, we pharmacologically targeted polyamine synthesis and demonstrated the importance of this pathway for disease pathogenesis. Implications for neuropathology and future treatment trials are discussed.
Results

Metabolomic profiling of Tsc2-RG mice
To identify the metabolic changes in the brains of Tsc2-RG mice, we isolated hippocampal lysates at postnatal (P) day 21 from eight control (Tsc2 þ/flox ), eight Tsc2-RG, eight control rapamycin treated and eight Tsc2-RG rapamycin-treated animals. Rapamycin treatment started at day P10 (when mutant animals begin to manifest a failure to thrive phenotype) (Fig. 1A) . At P21 there was a significant weight difference between untreated control and mutant animals that was largely corrected by rapamycin treatment as previously reported (Fig. 1B) (14) . Animals were sacrificed at P21, and hippocampi were isolated for metabolomic profiling (Fig. 1C) . Immunoblot analyses of representative cortical samples showed decreased tuberin and control levels of hamartin in the untreated and rapamycin-treated Tsc2-RG mice as expected due to Cre-mediated deletion in radial glial cells starting at E12.5 (Fig. 1D) . The level of phospho-S6 (S240/ 244) was increased in untreated Tsc2-RG mice, consistent with activated mTORC1. Rapamycin treatment of Tsc2-RG mice reduced phospho-S6 by 20% of untreated Tsc2-RG levels.
In total, 434 compounds were annotated (mass-normalized quantitative data can be found in the Supplementary Material). Principal component and hierarchical cluster analysis ( Fig. 2A ) demonstrated significant clustering by genotype. There were 103 biochemicals upregulated (P < 0.05) and 68 downregulated (P < 0.05) in the untreated Tsc2-RG hippocampi compared with untreated control (Fig. 2B) . Metabolites represented a variety of molecular families including amino acids (Fig. 2C) , carbohydrates, lipids, nucleotides, and energy compounds. Notably, rapamycin treatment returned 42/103 increased metabolites and 29/68 decreased metabolites back to control range (Supplementary Material, Fig. S1 ). Enrichment analysis identified several metabolic pathways significantly different in mutant brains compared with control. Noteworthy are redox (ascorbate, aldarate and glutathione), pentose, glutamate and TCA cycle metabolism, pathways that have been demonstrated to be affected by loss of TSC-mediated mTORC1 inhibition ( Fig. 2C and D) (29) (30) (31) (32) . Particularly noteworthy are the changes in glutamine/glutamate/TCA cycle metabolism (Fig. 3) . In proliferating cells, mTORC1 stimulates glutamine anaplerosis (glutaminolysis) to supply metabolites to the TCA cycle (33) . Under mTORC1 activating conditions, glutamine is converted to glutamate, then alpha-ketoglutarate to supply the TCA cycle with carbon skeletons for many biosynthetic reactions (34) . Glutamine, glutamate and alpha-ketoglutarate are all low in Tsc2-RG samples compared with controls, suggesting that even in low proliferative brain tissue there is an anaplerotic demand. Most of these compounds return to control levels with rapamycin treatment. Levels of other TCA cycle intermediates were also significantly altered in Tsc2-RG hippocampi. In particular, citrate, a precursor of lipid biosynthesis, was elevated in the mutant brains. This may suggest a defect in lipid biosynthesis with accumulation of citrate precursor. Interestingly, a defect in myelin biosynthesis is well documented in Tsc2-RG mice as well as several other brain-specific TSC mouse models (14, 35, 36) .
Transmethylation pathway metabolism is altered in Tsc2-RG hippocampi and cerebral cortex Pathway enrichment analysis revealed significant alterations in transmethylation intermediates (P < 0.05, Fig. 4 ), a pathway not previously associated with TSC or mTORC1 activation. This pathway is important for the recycling of methionine, the amino acid required for translation initiation and for the production of S-adenosylmethionine (SAM), the principal methyl donor in more than 200 enzymatic reactions, and once decarboxylated, the source of the aminopropyl donor for the synthesis of polyamines, spermidine and spermine (37) . We observed a trend toward decreased methionine levels in hippocampal samples from Tsc2-RG mice. SAM, produced from methionine by methionine S-adenosyltransferase [MAT2A, (38) ], was also reduced in hippocampus of Tsc2-RG mice. Cystathionine, a condensation of serine and homocysteine, and cysteine were reduced in mutant brains (Fig. 4A ). These two compounds represent reduced flux into the transulfuration pathway. Betaine, an alternative methyl donor, was elevated in mutant hippocampus. Rapamycin treatment tended to partially reverse the changes found in the transmethylation pathway. To examine if these changes in the Tsc2-RG hippocampus were also present in the cerebral cortex, we performed targeted metabolomics of cortical lysates from the same animals from which hippocampal samples were isolated. Since this was a targeted analysis, samples could be deproteinized to add homocysteine to the analysis. Similar to what we observed in the hippocampus, methionine, SAM, and cystathionine were significantly reduced in Tsc2-RG cortices (Fig. 4B) . A trend in reduction was also seen in choline, homocysteine and cysteine. Betaine was similarly elevated in the mutant cortex. Rapamycin treatment tended to reverse these trends, though SAM levels did not respond. These data demonstrate, by two distinct methodologies, that transmethylation and some components of the transulfuration pathway are altered in Tsc2-RG brains.
Dysregulated enzymes and SAM-dependent metabolites in Tsc2-RG brain
To further investigate the dysregulation of the transmethylation pathway in Tsc2-RG mice brains, we assessed the level of the enzyme MAT2A using immunoblotting. Since reduced levels of SAM and the SAM/ S-adenosylhomocysteine (SAH) ratio (a measure of the cellular methylation potential) are potent inducers of SAMdependent methyl transferases, we reasoned that there should be an increase in MAT2A expression in the Tsc2-RG cortex (38) . When compared with control samples, Tsc2-RG cortices showed about a 50% increase in MAT2A protein (Fig. 5A ). We also observed about a 60% decrease in cystathionine beta synthase (CBS), required for conversion of homocysteine to cystathionine (39) , in Tsc2-RG samples. Reduced CBS is consistent with the decreased level of cystathionine ( Fig. 4A and B) and a presumptive retention of homocysteine in the transmethylation pathway. The reduction in SAM and SAM: SAH ratio would be expected to affect some SAM-dependent methyltransferase reactions. Consistent with this hypothesis, we observed an accumulation of guanidinoacetate (GAA) in Tsc2-RG hippocampus, likely the result of reduced SAM-dependent GAA N-methyltransferase (GAMT) function (Fig. 5B ). GAMT utilizes SAM in the synthesis of creatine from GAA (40, 41) . Glycine accumulation may represent reduced activity of SAM-dependent glycine N-methyltransferase that converts glycine to sarcosine (42) . We also observed decreases in some of the products of SAM-dependent methyltransferase reactions. In Tsc2-RG hippocampus and cortex there were reduced choline levels (Fig. 5C ). Choline can be synthesized by the successive SAM-dependent methylation of phosphatidylethanolamine. Rapamycin treatment caused significant increases in choline levels in cortical samples. Catechol-O-methyltransferase (COMT) is involved in catecholamine metabolism. Based on the potential relevance of neurotransmitters to TSC neuropathology, we performed targeted analysis of neurotransmitters in control and Tsc2-RG cortical lysates. We observed a trend toward reduced homovanillic acid (HVA) (data not shown) and significantly reduced 3-methoxytyramine (3-MT) in Tsc2-RG cortical lysates (Fig. 5C) (43) . Rapamycin returned Tsc2-RG levels back toward control. These data demonstrate functional consequences of altered transmethylation metabolism in Tsc2-RG mouse brains.
Altered polyamine synthesis in Tsc2-RG mice
Metabolomic profiling detected significant changes in polyamine metabolism, most notably elevations of putrescine ( Fig. 6A and B) and N-acetylputrescine (not shown). Polyamines are multifunctional polycations important for gene expression, translation initiation and elongation, cell proliferation, and autophagy, and their biosynthesis is upregulated in malignancies (44); these are processes that are also tightly regulated by mTORC1 (45) . Putrescine is synthesized from ornithine by the rate-limiting enzyme, ornithine decarboxylase (ODC). Putrescine is sequentially converted to spermidine and spermine by spermidine and spermine synthetases, enzymes requiring decarboxylated-SAM as an aminopropyl donor (45) . We observed an approximately 4-fold increase of putrescine in hippocampal samples from Tsc2-RG compared with control mice and putrescine levels returned to normal with rapamycin treatment (Fig. 6A) . In contrast, spermidine and spermine levels remained unchanged in the mutants. To investigate whether altered polyamine synthesis also occurs in the cerebral cortex of Tsc2-RG mice, we performed high performance liquid chromatography (HPLC) on cortical lysates and observed increased putrescine levels, without altered spermine or spermidine concentrations (Fig. 6B) . We next assessed ODC activity in Tsc2-RG cortical lysates, since ODC is the rate-limiting enzyme in putrescine synthesis. We observed an approximately 10-fold increase in ODC activity in Tsc2-RG cortical lysates compared with control samples, an effect attenuated by rapamycin treatment (Fig. 6C) .
Irreversible inhibition of ODC by a-Difluoromethylornithine attenuates astrogliosis in Tsc2
þ/À mice in a dose-dependent manner
The increased ODC activity and putrescine levels in Tsc2-RG brains may be pathogenic and/or protective. To examine the consequences of ODC inhibition on TSC neuropathology, we used the irreversible and well-tolerated inhibitor a-difluoromethylornithine (DFMO), (eflornithine). DFMO is used for the treatment of African trypanosomiasis and has had limited success in treating malignancies overexpressing polyamines (46) . Currently there are several clinical trials exploring the effect of DFMO on neuroblastoma (clinical trials.gov). For these experiments, we focused on the heterozygous Tsc2 KO (Tsc2
) rather than Tsc2-RG mice for several reasons. In contrast to Tsc2-RG mice, brain morphology of Tsc2 þ/À mice is grossly normal, with the exception of increased astrogliosis in the hippocampal CA1 region (47) . Additionally, Tsc2 haploinsufficiency has been associated with synaptic plasticity and behavioral deficits in Tsc2 þ/À mice (48), indicating that Tsc2 heterozygosity may underlie some of the neuropsychiatric manifestations of TSC in humans. Indeed, failure to identify loss of heterozygosity in tubers supports the idea that TSC1 or TSC2 haploinsufficiency may be enough to contribute to some aspects of neuropathology (10, 49) . To determine if dysregulated polyamine synthesis contributes to the neuropathology associated with haploinsufficiency of Tsc2, we treated Tsc2 þ/À mice with DFMO from P10-P21 and examined the CA1 region for reduction of astrogliosis (Fig. 7A ). There was a dose-dependent reduction of astrogliosis in the CA1 region of the hippocampus as determined by immunohistochemistry staining for glial fibrillary acidic protein (GFAP) (Fig. 7B-F) . Consistent with these results, 250 mg/kg DFMO treatment of Tsc2 þ/À mice reduced cortical ODC activity (untreated : 0.11 6 0.01 nmol/mg protein, P ¼ 0.03), without altering spermidine or spermine levels. These data indicate that the neuropathology of TSC is, at least in part, dependent on polyamine flux.
Discussion
In this study, we present data profiling global metabolic changes associated with loss of TSC2 protein in the hippocampus of mice in which the Tsc2 gene is disrupted in radial glial precursor cells and their descendent neurons and glia. We identified several pathways shown previously to be affected by loss of Tsc1 or Tsc2 (and mTORC1 activation) in in vitro metabolomic studies. Noteworthy is the anabolic signature of increased glutaminolysis/TCA cycle metabolism, pentose phosphate pathway flux and nucleotide metabolism, in addition to changes in glutathione metabolism (29) (30) (31) (32) . Overlapping metabolic changes between brain tissue from our Tsc2-RG mouse model and cultured Tsc2 À/À ; p53 À/À mouse embryonic fibroblasts underscore the global effects of Tsc2 disruption on metabolism in different cell types, both in vitro and in vivo. Unique to our study is the identification of dysregulated transmethylation and polyamine metabolism in brains of Tsc2-deficient mice. The transmethylation pathway is critical for the recycling of the amino acid methionine and the generation of SAM, the major methyl donor in mammalian cells (50) (51) (52) . When compared with control hippocampal samples, Tsc2-RG mice show reduced levels of many of the components of this pathway (Fig. 4A) , possibly due to increased demand for methionine as a result of increased mTORC1-mediated protein synthesis. Targeted metabolomic measurements from cortical samples were similar to hippocampal data and also allowed the measurement of homocysteine which was also reduced in Tsc2-RG mice. Our data suggest a decreased flux through the transmethylation pathway. Betaine, synthesized from choline, also acts as a methyl donor (53) and is elevated in Tsc2-RG mice, potentially as a compensatory mechanism for the lack of methionine for SAM synthesis. Similarly, folate metabolism is linked to transmethylation (54), however folate metabolites were below the level of detection in our study. Previous work investigating protein translational changes in Tsc2-deficient neural stem cells suggests that several key enzymes in the transmethylation pathway may be differentially expressed (55) . Chief among these is the gene encoding MAT2A, which catalyzes the formation of SAM from methionine and ATP. Our data indicate that MAT2A protein is increased in the brains of Tsc2-RG mice, likely to compensate for reduced SAM. We also observed a reduction in CBS in Tsc2-RG brains, which is consistent with lower levels of cystathionine. By reducing cystathionine production, homocysteine may be preferentially recycled to methionine in lieu of entering the transulfuration pathway. This decreased flux into the transulfuration pathway may affect downstream glutathione production.
Methylation is a crucial reaction in mammalian cells for the synthesis of many important small molecules (neurotransmitters, creatine, sarcosine, etc.) and the modification and regulation of macromolecules such as DNA, RNA and protein (56) (57) (58) . We show some evidence of dysregulated methylation in Tsc2-RG mice that could contribute to TSC neuropathology. Among these, COMT converts 3, 4-dihydroxyphenylacetic acid and dopamine to HVA and 3-MT, respectively (43) . We show that both HVA and 3-MT are decreased in Tsc2-RG brains, consistent with impaired SAM-dependent COMT activity. The possible contribution of altered catecholamine metabolism to tuberous sclerosis associated neuropsychiatric disorders bears further investigation. Another SAM-dependent enzyme, GAMT synthesizes creatine from GAA (40, 41) . We show an accumulation of GAA in Tsc2-RG brains, likely the result of reduced GAMT function. Increased GAA and glycine (also elevated in Tsc2-RG brains) may increase neuronal hyperexcitability and lower seizure threshold (59, 60) , a common feature of TSC (61, 62) . We have yet to analyze histones, DNA or RNA in Tsc2-RG brains to see if there are changes in methylation that may suggest alterations in epigenetic regulation of gene expression. Dysregulated methionine metabolism has been demonstrated in multiple sclerosis and is associated with altered histone methylation and mitochondrial energetics (63, 64) . It is intriguing to speculate that such potential methylation-based alterations in gene regulation could contribute to the variable expressivity of TSC.
We also observe increased levels of the polyamine putrescine in both hippocampal and cortical samples from Tsc2-RG mice. Putrescine is synthesized from ornithine by ODC and metabolized to spermidine by spermidine synthase (45) . We show the increase in putrescine is likely due to elevated ODC activity. Odc is a transcriptional target of protooncogene Myc, the translation of which is regulated by mTORC1 (65) (66) (67) . Consistent with this model, the increase in ODC activity we observe in Tsc2-RG cortical samples is attenuated by rapamycin, indicating an mTORC1-dependent effect. The regulation of ODC activity is further complicated however by its interaction with the inhibitory protein antizyme, the synthesis of which involves positive feedback mechanisms by polyamines and mTORC2 activity under conditions of amino acid starvation (68) . Our most exciting discovery is that inhibition of ODC and reduction of putrescine with DFMO dose-dependently reduces hippocampal astrogliosis in Tsc2 þ/À mice. These results underscore the utility of an unbiased metabolomic approach to identify novel biochemical pathways associated with TSC neuropathology. Tsc2 þ/À mice show increased astrogliosis in the hippocampus (47) . Precisely how putrescine may contribute to this phenotype is unclear. Polyamines have been associated with cell growth and proliferation (45) which may contribute to the increased number of astrocytes observed in the Tsc2 þ/À hippocampus. Alternatively, the astrogliosis may be a non-cell autonomous response to increased putrescine in neurons. Interestingly, mice in which Tsc2 has been specifically deleted in postmitotic excitatory neurons of the developing forebrain exhibit cortical astrogliosis (69), arguing for a non-cell autonomous role. In any event, it will be important to determine if DFMO treatment also corrects the hippocampal L-LTP and learning and memory deficits of Tsc2 þ/À mice (48) .
A systematic analysis of DFMO treatment on the neuropathology of Tsc2-RG mice will be necessary to realize the therapeutic potential of DFMO in TSC. Tsc2-RG mice exhibit many of the phenotypic hallmarks of human TSC patients such as enlarged neurons, neuronal heterotopia, myelination defects, astrocytosis and epilepsy (10, 14) . In multiple models of epilepsy, successive seizures increase both reactive astrogliosis and polyamine accumulation (70) (71) (72) (73) (74) (75) (76) , suggesting a role for polyamines in epileptic progression. Interestingly, transgenic mice overexpressing Odc (with concomitant increase of putrescine in the brain) show grossly normal neurodevelopment with mild spatial learning deficits and an elevated seizure threshold (77, 78) . These data suggest that parsing out the effects of ODC/putrescine on different TSC phenotypes may not be straightforward. Nevertheless, our data raise the possibility that normalizing putrescine levels and more generally, increasing methionine/SAM levels and methylation potential through dietary and/or pharmacologic intervention may have therapeutic value for TSC patients.
Materials and Methods
Animals and drug treatment
All animal experiments were approved by the Emory University Institutional Animal Care and Use Committee, and were carried out in accordance with the Guide for the Humane Use and Care of Laboratory Animals. We generated and genotyped Tsc2-RG mice (Tsc2 ko/flox ; hGFAP-Cre) and controls (Tsc2 þ/flox ) as previously described in (14) . Rapamycyin (MP Biomedicals) was dissolved in 100% DMSO at 1.0 mg/ml for storage at À20 C. Before use, rapamycin was diluted in sterile PBS and administered i.p. at 0.1 mg/kg daily based on previous experiments (15) . Treatment began at P10 and continued until P21. On P21 mice were cervically dislocated and the brains were quickly removed and dissected in ice cold, sterile PBS. Hippocampal brain tissue was isolated from eight untreated control mice, eight untreated Tsc2-RG mice, eight rapamycin-treated control mice and eight rapamycin-treated Tsc2-RG mice. Samples were quickly frozen with dry ice and 100% ethanol and shipped to Metabolon, Inc. on dry ice for metabolite analysis. An equal number of male and female mice contributed to each group, except for untreated control (two female and six male). For DFMO experiments, mice were treated intra-peritoneally with a single daily dose of either 250 mg/kg or 500 mg/kg DFMO diluted in sterile PBS, from P10 to P21. DFMO was a generous gift from Dr Patrick M. Woster, MUSC.
Untargeted hippocampal metabolomic profiling
Samples were sent to Metabolon for global metabolomic analysis as described in (79) . Briefly, samples were homogenized and subjected to methanol extraction then split into aliquots for analysis by ultrahigh HPLC/mass spectrometry (UHPLC/MS) in the positive (two methods), negative or polar ion mode. Metabolites were then identified by automated comparison of ion features to a reference library of chemical standards followed by visual inspection for quality control as previously described in (80) . For statistical analyses and data display, any missing values are assumed to be below the limits of detection; these values were imputed with the compound minimum (minimum value imputation). Statistical tests (two-way ANOVA) were performed in ArrayStudio (Omicsoft) or "R" to compare data between experimental groups; P < 0.05 is considered significant. An estimate of the false discovery rate (Q-value) is also calculated to take into account the multiple comparisons that normally occur in metabolomic-based studies, with Q < 0.05 used as an indication of high confidence in a result.
Targeted analysis of cortical transulfuration, methylation pathway and neurotransmitter metabolites
Concentrations of methionine, SAM, SAH, cystathionine, choline and betaine were analyzed by stable-isotope dilution liquid chromatography-electrospray ionization (ESI) tandem MS (LC-ESI-MS/MS) from brain tissue as previously described in (81) . Total Hcy was determined by LC-ESI-MS/MS in brain tissue as previously decribed in (64) . Neurotransmitters were measured with HPLC and electrochemical detection.
ODC activity and determination of intracellular polyamines
Tissue homogenates were prepared on ice using a tissue tearor in buffer containing 25 mM TrisCl, pH 7.5, 0.1 mM EDTA and 2.5 mM DTT. ODC activity was measured as the release of radiolabeled CO 2 following incubation with [ 14 C]-ornithine, as previously described in (82) . Aliquots of these lysates were also used for acid extraction and precolumn dansylation followed by HPLC analysis to determine intracellular concentrations of the individual polyamine (83) . Both ODC activity and polyamine concentration are presented relative to total cellular protein, which was measured by the method of Bradford using interpolation on a bovine serum albumin standard curve (84) .
Protein analysis
Antibodies used for Western blot analysis were as follows: mouse anti-b-actin (1:2000, Sigma-Aldrich), rabbit anti-tuberin, rabbit anti-hamartin, total rabbit anti-S6, phosphorylated (S240/ 244) rabbit anti-S6 and rabbit anti-CBS (1:1000, Cell Signaling Technology, Bedford, MA), and rabbit anti-MAT2A (1:1000, Abcam, San Francisco, CA). Whole cell lysates were made from day P21 cerebral cortex or hippocampus that was quick-frozen in liquid nitrogen. Samples were homogenized in a dounce homogenizer with 10 volumes of RIPA buffer with protease inhibitor cocktail and phosphatase inhibitor cocktail (SigmaAldrich). Lysates were centrifuged at 4 C, sonicated and frozen until use. Protein concentrations were determined with a Pierce BCA reagent kit (ThermoFisher Scientific, Rockford, IL, USA). Equal amounts of protein were separated on a denaturing 4-12% gradient gel (Invitrogen) and transferred to PVDF membranes (Immobilon, Sigma-Aldrich). Secondary antibodies were horseradish peroxidase conjugated. Visualization was conducted with an ECL kit (Amersham, Piscataway, NJ, USA) and a Chemidoc Imaging System (Bio-Rad, Hercules, CA). Protein band intensities were quantified with ImageJ software and normalized to b-actin control bands.
Histology P21 mice were deeply anesthetized before undergoing transcardiac perfusion with PBS followed by 4% paraformaldehyde (PFA). Mouse brains were post-fixed in PFA overnight and stored in 70% ethanol prior to embedding in paraffin. Paraffin blocks were sectioned at 5 mm and slide mounted. Immunofluorescence was performed as previously described in (14) using mouse anti-GFAP antibody (1:400, Sigma-Aldrich, St Louis, MO).Tissue images were examined using a Leica DM6000 and captured with a Qimaging RETIGA-2000RV digital camera. Digital images were then processed using Adobe Photoshop CS6 (San Jose, CA, USA).
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